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ABSTRACT

Disruption of plasma membrane integrity is a primary mechanism of nanoparticle toxicity in cells. Mechanistic studies on nanoparticle-induced
membrane damage have been commonly performed using model membranes with a focus on symmetric bilayers, overlooking the fact that the
membrane has an asymmetric phospholipid composition. In this study, erythrocytes with normal and scrambled membrane asymmetry were
utilized to examine how the loss of membrane asymmetry and the resulting alterations in the outer leaflet lipid composition affect nanoparticle-
membrane interactions. Unmodified, amine-modified, and carboxyl-modified silica (30 nm) were used as nanoparticle models. Loss of mem-
brane asymmetry was achieved by induction of eryptosis, using a calcium ionophore. Erythrocyte membrane disruption (hemolysis) by unmodi-
fied silica nanoparticles was significantly reduced in eryptotic compared to healthy cells. Amine- and carboxyl-modified particles did not cause
hemolysis in either cell. In agreement, a significant reduction in the binding of unmodified silica nanoparticles to the membrane was observed
upon loss of membrane asymmetry. Unmodified silica particles also caused significant cell deformation, changing healthy erythrocytes into a
spheroid shape. In agreement with findings in the cells, unmodified particles disrupted vesicles mimicking the erythrocyte outer leaflet lipid
composition. The degree of disruption and nanoparticle binding to the membrane was reduced in vesicles mimicking the composition of scram-
bled membranes. Cryo-electron microscopy revealed the presence of lipid layers on particle surfaces, pointing to lipid adsorption as the mecha-
nism for vesicle damage. Together, findings indicate an important role for the lipid composition of the membrane outer leaflet in nanoparticle-

induced membrane damage in both vesicles and erythrocytes.

Published under license by AVS. https://doi.org/10.1116/6.0000246

1. INTRODUCTION

The past two decades have witnessed an unprecedented increase
in the use of engineered nanomaterials in industrial and biomedical
applications. This has necessitated a better understanding of the mech-
anisms by which nanomaterials induce toxicity in mammalian cells.
The plasma membrane, a lipid bilayer covering all cells, is the first cel-
lular entity that comes into direct contact with exogenous nanoparti-
cles. Studies in both membrane models and cells have shown that
nanomaterials can disrupt membrane integrity, thereby leading to del-
eterious effects on cell viability.'™” It is thus important to investigate
the underlying mechanisms by which nanoparticles disrupt mem-
brane integrity and study how nanoparticle-induced membrane
damage depends on nanoparticle and membrane properties.

The cell plasma membrane has an asymmetric phospholipid
distribution. Phosphatidylcholine (PC) and sphingomyelin (SM)
species are primarily localized in the outer leaflet, facing the
outside environment,” while phosphatidylethanolamine (PE) and
phosphatidylserine (PS) are predominantly in the inner leaflet,
facing the cytoplasm.”'” Since its discovery in the 1970s,'" mem-
brane asymmetry has gained increasing attention in membrane
biology and is known to regulate a variety of cellular functions
including cell division, membrane fusion, apoptotic cell recogni-
tion, and clearance.'”'? However, it has been largely overlooked
in studies on nanoparticle-membrane interactions, leading to a
lack of mechanistic information on whether the asymmetric dis-
tribution of lipids and the composition of each leaflet plays a role
in nanoparticle-induced perturbations in the cell membrane.
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Given the complexity of the plasma membrane, mechanistic
studies on how nanomaterials disrupt membrane integrity are com-
monly performed using membrane models.”” In a previous study’
using lipid vesicles as a membrane model, we examined the role of
membrane lipid asymmetry in the disruptive effects of silica nanopar-
ticles, commonly used in industrial and biomedical applications,"%’18
on the membrane. This study, using symmetric and asymmetric vesi-
cles, demonstrated that the lipid composition of the membrane outer
leaflet plays an important role in the outcome of nanoparticle-
membrane interactions with little to no effect from the inner leaflet.
However, these findings were limited to lipid vesicles and could not
be extended to live cells in which membrane complexity is signifi-
cantly increased, due to the significant membrane lipid diversity, the
presence of membrane proteins and carbohydrates, and the connec-
tion to the cell cytoskeleton.

Erythrocytes (red blood cells) are the most abundant cells in
the bloodstream and one of the most commonly used cell models
to examine membrane toxicity of nanomaterials.'”*’ Erythrocytes
do not possess active endocytic machinery and nanoparticle toxic-
ity in these cells is primarily associated with membrane damage.
In addition, cell membrane disruption in erythrocytes can be
easily tracked due to the efflux of hemoglobin (hemolysis). Like
other mammalian cells, the phospholipids of the erythrocyte
membrane are asymmetric.m’22 However, certain clinical condi-
tions trigger eryptosis, erythrocyte programmed death, resulting
in the loss of phospholipid asymmetry and translocation of inner
leaflet lipids to the outer leaflet.””™* Eryptosis can also be
induced chemically using calcium ionophores,” allowing for
examination of how the loss of membrane asymmetry and the
subsequent alterations in the membrane outer leaflet affect
nanoparticle-cell membrane interactions.

In this study, healthy and eryptotic erythrocytes were used to
examine how the loss of membrane asymmetry and the resulting
changes in the outer leaflet lipid composition affect nanoparticle-
membrane interactions in cells. Eryptosis was induced by the
calcium ionophore, ionomycin, and confirmed by the detection of
the inner leaflet lipid, PS, in the outer leaflet. Unmodified, as well
as amine- and carboxyl-modified silica nanoparticles (30 nm),
were used to examine the role of nanoparticle surface chemistry in
cell-nanomaterial interactions. Results show that loss of membrane
asymmetry in erythrocytes leads to a dose-dependent reduction in
nanoparticle binding to the membrane and nanoparticle-induced
membrane disruption, although the effect is dependent on nano-
particle surface chemistry and is only observed in unmodified par-
ticles. Results were confirmed in vesicles mimicking each leaflet of
the membrane, as well as scrambled membranes. Findings show
that the composition of membrane outer leaflet plays an important
role in nanoparticle binding to and disruption of the membrane in
both vesicles and erythrocytes, although the effects are dependent
on particle surface chemistry and the mechanisms of disruption
are different in cells and vesicles.

Il. MATERIALS AND METHODS

A. Materials

Deidentified human blood was commercially procured from
ZenBio (Research Triangle, NC) in acid citrate dextrose (ACD) as
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the anticoagulant. Ionomycin calcium salt was procured from EMD
Millipore (Burlington, MA). Annexin-V-Alexa Flour 488 conjugate
and annexin-V binding buffer were purchased from Fisher
Scientific. Fluorescein isothiocyanate (FITC)-conjugated unmodi-
fied, amine-modified, and carboxyl-modified silica nanoparticles
(30 nm) were purchased from Micromod Partikeltechnologie GMBH
(Rostock, Germany). Lipids, including 1,2-dioleoyl-sn-glycero-
3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine ~ (DOPE),  1,2-dioleoyl-sn-glycero-3-phospho-
r-serine (DOPS), brain sphingomyelin (SM), 1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl)
(Rho-DOPE), and cholesterol (Chol) were procured from Avanti
Polar Lipids (Alabaster, AL). Triton X-100, 5(6)-carboxyfluorescein
(CF), glutaraldehyde, and osmium tetroxide solution were pur-
chased from Sigma Aldrich (St. Louis, MO).

B. Induction of eryptosis

Induction of eryptosis was performed as we have recently
reported.”” Briefly, erythrocytes were isolated from whole blood by
centrifugation at 700 g for 5min and discarding the plasma and
buffy coat. Cells were then washed two times in glucose-free Ringer
solution containing 125mM NaCl, 5mM KCl, 1 mM MgSO,,
32mM  [4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic  acid
(HEPES), and 1 mM CaCl, (pH 7.4). Then, a 0.4% hematocrit sus-
pension was prepared in glucose-free Ringer solution and incubated
at 37°C for 1, 3, 5, and 7 days to induce different levels of erypto-
sis. Afterward, erythrocyte membrane asymmetry was abolished by
ionomycin in the presence of Ca®". Cells were treated with 1uM
ionomycin calcium salt in glucose-free Ringer solution for 2h at
37°C. Then, the cells were washed three times in glucose-free
Ringer solution, centrifuged at 700 g for 5min. The cell pellet was
resuspended in annexin-V binding buffer. The cells were then incu-
bated with annexin-V-Alexa Flour 488 conjugate for 20 min in the
dark, washed with and resuspended in the binding buffer for flow
cytometry measurements. Loss of membrane asymmetry was con-
firmed by monitoring the translocation of PS to the outer leaflet of
the cell membrane. PS externalization was examined by monitoring
the binding of annexin-V-Alexa-Fluor 488 to PS in the outer leaflet
of cells. Flow cytometry was used to calculate the population of
cells with scrambled membranes.

C. Characterization of silica nanoparticles

Unmodified, amine-modified, and carboxyl-modified silica
nanoparticles (30 nm) were characterized for their size and charge
using dynamic light scattering (DLS) and laser Doppler anemome-
try after dilution in PBS (pH 7.4) at a final concentration of
0.5 mg/ml (Table I). The DLS size was consistent with the nominal
size of the nanoparticles. All particles were negatively charged due
to the presence of silanol groups on their surface.

D. Nanoparticle-Induced disruption of erythrocytes

To study the hemolysis of healthy and eryptotic cells by silica
nanoparticles, 0.05mg/ml of unmodified, amine-, and carboxyl-
modified silica nanoparticles were added to cells and incubated for
2h at 37°C to measure cell membrane disruption by silica
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TABLE 1. Hydrodynamic size and surface potential of engineered silica nanoparti-
cles measured in PBS at a pH of 7.4.

Size Charge
Silica nanoparticles (nm) (mV)
Unmodified 39.2+10.3 —23.7+2.8
Amine 38.0+9.1 —13.1+1.9
Carboxyl 38.0+12.6 -162+34

nanoparticles. After incubation, the cells were centrifuged at 700 g
for 5 min, and the supernatant was collected. Hemolysis was exam-
ined by measuring the absorbance of oxygenated hemoglobin at
541 nm using a microplate reader and was calculated using the fol-
lowing equation:'**’

%Hemolysis = (Ar—Ag)/(A100—Ap)*100. (1)

Here, A, is the absorbance of erythrocytes in Ringer solution,
Ajq is the absorbance of erythrocytes in de-ionized water, and At
is the absorbance of erythrocytes incubated with the silica nanopar-
ticles. Note that for obtaining the absorbance value for Aq,
de-ionized water was used to allow for the complete disruption of
erythrocytes due to osmosis.

E. Nanoparticle binding to and internalization in
erythrocytes

Flow cytometry was used to examine nanoparticle binding to
and internalization in healthy and eryptotic erythrocytes.”®
Fluorescently labeled silica nanoparticles with different surface chemis-
tries were added to erythrocytes at a final concentration of 0.001 mg/
ml for 2h of incubation at 37 °C. Lower concentration of nanoparti-
cles (0.001 mg/ml) was used compared to hemolysis to prevent cell
membrane disruption. Particle adhesion to the cell surface and inter-
nalization was measured by evaluating the fluorescence of nanoparti-
cles using an excitation wavelength of 488nm and an emission
wavelength of 530 nm. To differentiate between the internalized and
adhered particles, trypan blue, which is impermeable to healthy
cells,” was used to quench the fluorescence of FITC-conjugated nano-
particles adhered to the cell surface.”® The remaining fluorescence
intensity corresponded to the nanoparticles internalized in the cells, as
trypan blue is not permeable to the cell membrane and thus unable to
quench the fluorescence of internalized particles.

F. Scanning electron microscopy

To observe the adherence of unmodified silica nanoparticles
to healthy and eryptotic cells, 0.1 mg/ml unmodified particles were
added to 1% hematocrit suspension and incubated for 2 h at 37 °C.
After incubation, the cells were centrifuged at 700 g for 5 min, and
the cell supernatant was removed. Then, the cells were washed two
times in PBS, centrifuged at 700 g for 5 min, and the cell pellet was
resuspended in 1 ml PBS. 1% glutaraldehyde was added dropwise
to every 1 ml of the samples (healthy and eryptotic erythrocytes
with and without nanoparticles) over the course of 5 min, and the
samples were incubated at 37°C for 1.5h. Then, 1% osmium
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tetroxide was added to each sample and samples were incubated
again for 1.5h at 37 °C. Increasing concentrations of ethanol (50%,
60%, 70%, 80%, 90%, and 100%) were added to the cells for dehy-
dration and incubated for 15 min at room temperature for each.”’
Droplets of the samples were added on glass coverslips and dried
overnight. The samples were then coated with gold and observed
under a scanning electron microscope. A JEOL JSM 6390LV scan-
ning electron microscope (SEM) was used for the observation. The
working distance was 15 mm, dictated by the configuration of the
detectors inside the chamber. The accelerating voltage for best reso-
lution was selected at 15kV. All images presented were acquired
using the secondary electrons detector. The spot size was in the
range of 21-60 nm, depending on the magnification.

G. Vesicle leakage assay

Lipid vesicles mimicking outer (Voute;) and inner (Vipper)
leaflets of the erythrocyte membrane and vesicles mimicking
erythrocytes with scrambled lipids (Vicramblea) Were synthesized,
using the known lipid composition of the erythrocyte membrane
leaflets.'* Voyer lipid vesicles were synthesized using 44% Chol,
26% DOPC, 24% SM, and 6% DOPE, and Vi, lipid vesicles
were composed of 44% Chol, 8% DOPC, 5% SM, 25% DOPE, and
18% DOPS.' ' %1 V. 11 Vesicles were synthesized using the
average lipid composition of outer and inner leaflets: 44% Chol,
17% DOPC, 14.5% SM, 15.5% DOPE, and 9% DOPS. For the syn-
thesis of lipid vesicles, different lipids were mixed to obtain 5 mM
total lipid concentration in chloroform. The lipid mixtures were
dried in a Speed Vac™ (ThermoFisher Scientific, Waltham, MA)
and placed in a desiccator for at least 2h to ensure complete
drying. The self-quenching fluorescent probe, CF, was dissolved
in PBS at a final concentration of 80 mM (pH 7.3) and added to
the dried lipids at 70 °C. Vesicles were vortexed for 15 min and
were subjected to seven cycles of freeze-thaw in acetone bath on
dry ice and in a water bath at 70 °C, respectively, to ensure encap-
sulation of the dye. Large unilamellar vesicles were prepared by
extruding the vesicles through a 100nm polycarbonate filter
(Avanti Polar Lipids) 11 times at 70 °C. Excess CF was removed
by passing the vesicles through a PD-10 desalting column (Fisher
Scientific, Hampton, NH).

For vesicle leakage studies, CF-encapsulated lipid vesicles
eluted from the desalting column were diluted 200-fold in PBS to
reach 25 uM final vesicle concentration and exposed to silica nano-
particles at a final concentration of 0.05mg/ml in a 96-well plate.
Triton X-100 was added to the lipid vesicles at 500-fold dilution
and was used as the positive control of complete membrane disrup-
tion. Lipid vesicles in PBS were used as negative control. Leakage
was examined by measuring the fluorescence intensity at 492/
517 nm excitation/emission wavelengths, every 2.5min over 1h
time course at 37 °C using a microplate reader, and was calculated
according to the following equation:'**’

%Leakage = (Fr—F;)/(F100—Fo)*100. 2)

Here, F, is the fluorescence intensity of vesicles in PBS, Fyq is
the fluorescence intensity of vesicles with Triton, and Fr is the fluo-
rescence intensity of vesicles with the silica nanoparticles.
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H. Nanoparticle binding to lipid vesicles

Nanoparticle binding to the lipid vesicles was studied using a
fluorescence resonance energy transfer (FRET)-based assay as we have
previously reported.'*** In this assay, Rho-DOPE, used as the FRET
acceptor, was incorporated in lipid vesicles during the vesicle synthesis
at a final concentration of 1mol.% of the total lipid content.
Fluorescent nanoparticles (concentration of 0.05mg/ml), used as
FRET donors, were added to the lipid vesicles with (F sample) or
without (F, sample) Rho-DOPE in their structure. Nanoparticles and
vesicles were allowed to incubate for 2 h at 37 °C. At the end of incu-
bation, the particle fluorescence intensity was measured using a plate
reader at 485/515 nm excitation/emission wavelengths. Lipid vesicles
without nanoparticles were used as negative control.

I. Cryo-transmission electron microscopy (CRYO-TEM)
imaging of vesicles

Lipid vesicles mimicking the outer leaflet of erythrocyte mem-
brane (Vouer) were prepared as described earlier. After seven
freeze-thaw cycles, the vesicles were extruded through a 100 nm
filter 33 times at 70 °C to obtain a high percentage of unilamellar-
ity. Vesicles were then incubated with unmodified nanoparticles for
1 h, prior to freezing, at the same ratio used for the vesicle leakage
assays. A small volume (3 ul) of the sample was added to a speci-
men grid. A period of 30-45 s was allowed for the sample to move
toward the center of the grid before the automatic blotting of the
excess liquid using the Thermo Scientific Vitrobot Mark IV system.
The grid was immediately plunged into liquid ethane (cooled down
with liquid nitrogen) after blotting to form a layer of amorphous
ice. The grid was transferred to a Thermo Scientific Glacios
CryoTEM (Thermo Fisher Scientific, Waltham, MA) under liquid
nitrogen, and imaging was performed using Thermo Scientific
Felcon direct electron detector. Electron microscopy was performed
at the Center for Electron Microscopy and Analysis (CEMAS) at
the Ohio State University.

I1l. RESULTS AND DISCUSSION

A. Characterization of eryptotic cells and
nanoparticles

Eryptosis, programmed cell death in erythrocytes, was used to
disrupt membrane lipid asymmetry in live erythrocytes. This process,
which is similar to apoptosis in nucleated cells, results in scrambling
of membrane asymmetry and translocation of the inner leaflet lipids
to the outer leaflet.”>”** Eryptosis was induced by preincubating the
cells in glucose-free Ringer solution, followed by cell treatment with
1uM ionomycin, as we have recently described.”” Changes in the
lipid composition of the membrane outer leaflet were confirmed
using annexin-V staining, which detects PS in the outer leaflet.”>*
The percentage of cells stained positively for annexin-V was measured
using fluorescence-activated cell sorting (FACS) analysis and reported
as percent eryptosis. Longer preincubation times in glucose-free
Ringer solution resulted in a higher percentage of eryptotic cells, as
evidenced by flow cytometry [Figs. 1(a)-1(d)]. Seven days of preincu-
bation resulted in maximum eryptosis, as shown in Fig. 1(e).

Unmodified, carboxyl-modified, and amine-modified silica
nanoparticles (nominal diameter =30 nm) were examined for their
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interactions with healthy and eryptotic cells. The physicochemical
properties of nanoparticles were characterized prior to the interaction
experiments. Nanoparticle hydrodynamic diameter measured by
dynamic light scattering was slightly larger than 30 nm but in close
agreement with the nominal size. All particles were negatively
charged due to the presence of silanol groups on their surface. Note
that even the amine-modified particles remain negatively charged due
to the abundance of silanol groups on the particle surfaces.

B. Nanoparticles show differences in hemolytic
activity in cells with symmetric versus asymmetric
membranes

To examine the disruptive effects of nanoparticles on the
membrane of erythrocytes with symmetric and asymmetric mem-
branes, unmodified, carboxyl-modified, and amine-modified silica
particles were added to healthy and eryptotic erythrocytes. Studies
were performed at a nanoparticle concentration of 0.05 mg/ml and
a 0.4% hematocrit. Hemolytic effects of nanoparticles on erythro-
cytes are dose-dependent and the concentration of 0.05 mg/ml was
selected, as it induced significant hemolysis in healthy cells, allow-
ing for comparison between healthy and eryptotic cells.

Nanoparticle interactions with healthy and eryptotic cells were
different but depended on particle surface properties (Fig. 2). In
normal (asymmetric) cells, unmodified nanoparticles induced the
highest degree of hemolysis (33.7£0.9%). Note that hemolysis
values are obtained from the absorbance of the released hemoglo-
bin and are normalized to 100% hemolysis, which is the absorbance
value obtained by complete hemolysis, achieved by exposing the
cells to de-ionized water. The high hemolytic activity of silica parti-
cles is previously shown by us'* and others’”’~*’ and is caused by
ion-pairing between silanol in silica and trimethylammonium in
PC and SM.”* In contrast, amine- and carboxyl-modified particles
showed little hemolytic activity in healthy cells, likely due to the
coverage of silanol groups by covalently bound amine and carboxyl
moieties. Loss of membrane asymmetry led to a significant reduc-
tion in the hemolytic activity of unmodified silica nanoparticles
[Fig. 2(a)]. This effect was dose-dependent with the hemolysis
decreasing with an increasing number of annexin-V binding cells.
The degree of hemolysis induced in eryptotic cells by amine- and
carboxyl-modified nanoparticles was higher than that observed in
healthy cells but remained under 1% in all cases [Figs. 2(b) and 2(c)].

C. Nanoparticles bind differently to cells with
symmetric versus asymmetric membranes

Nanoparticle-induced disruption of the plasma membrane
requires that nanoparticles first bind to the bilayer. To understand
why changes in lipid asymmetry have resulted in changes in the
hemolytic activity of nanoparticles, nanoparticle binding to and
internalization in healthy and eryptotic cells were evaluated. To this
aim, flow cytometry was used to measure the fluorescence intensity
of FITC-conjugated particles that bound to and internalized in
healthy and eryptotic cells. Erythrocytes do not actively internalize
nanomaterials; however, particles can passively diffuse through the
erythrocyte membrane.”” To distinguish membrane-bound from
internalized nanoparticles, trypan blue quenching was used. Trypan
blue does not permeate intact membranes;”” thus, it only quenches
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the particles bound to the membrane. Note that a lower concentra-
tion of nanoparticles was used for these studies compared to the
hemolysis experiments (0.001 vs. 0.05 mg/ml) to measure nanopar-
ticle binding without complications from cell membrane disruption.

A significant difference in nanoparticle binding to normal and
eryptotic cells was observed depending on particle surface chemistry.
Unmodified silica particles showed significantly higher binding to and
internalization in normal compared to eryptotic erythrocytes, as mea-
sured by the differences in the fluorescence intensity of internalized
and bound nanoparticles in each set of cells [Figs. 3(a) and 3(d)]. This
was in agreement with the reduced hemolytic activity of these nano-
particles toward eryptotic cells and suggested that scrambling of the
membrane reduces the disruptive effects of nanomaterials by hamper-
ing their binding. In the case of amine- and carboxyl-modified nano-
particles, binding and internalization were similar between healthy

(A)
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and eryptotic cells [Figs. 3(c) and 3(f)]. Amine-modified particles
showed a slightly higher binding and internalization in eryptotic
compared to healthy cells. But, while statistically significant, the mag-
nitude of the differences in fluorescence intensity was small. Overall,
the minor differences in the membrane binding and internalization
of amine- and carboxyl-modified nanoparticles upon changes in
membrane asymmetry were consistent with the minor differences in
the hemolytic activity of these particles in healthy versus eryptotic
cells.

D. Nanoparticles deform the membrane of healthy
cells

Having examined nanoparticle-induced membrane disruption
and nanoparticle binding to the membrane, we then examined
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FIG. 3. Representative flow cytometry histograms for nanoparticle binding to and internalization in healthy and eryptotic erythrocytes for (a) unmodified, (b) amine-modified,
and (c) carboxyl-modified silica nanoparticles, all at a concentration of 0.001 mg/ml. Gray histogram indicates bound and internalized nanoparticles in healthy erythrocytes.
The black line indicates the internalized nanoparticles in healthy erythrocytes in the presence of trypan blue. The red line indicates adhered and internalized nanoparticles
in eryptotic erythrocytes, and the pink histogram indicates the internalized nanoparticles in eryptotic cells in the presence of trypan blue. The arithmetic mean of median
nanoparticle fluorescence intensity + standard deviation (n = 3) in the presence and absence of trypan blue, are presented for (d) unmodified, () amine-modified, and (f)
carboxyl-modified nanoparticles. T-test was performed to compare the fluorescence intensity of nanoparticles adhered to and internalized in healthy cells vs eryptotic cells.

*** denotes p < 0.001 and **** denotes p < 0.0001.
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nanoparticle-induced deformations in the cell membrane. Since
unmodified silica nanoparticles had shown the highest hemolytic
activity on both normal and eryptotic cells, studies were focused
on these particles. For these studies, 0.1 mg/ml of unmodified
silica nanoparticles were added to healthy and eryptotic erythro-
cytes for 2h incubation at 37°C, and the cells were observed
under an SEM. In the absence of particles, healthy erythrocytes
showed the disklike shape of normal cells [Fig. 4(a)], while eryp-
totic cells showed changes in cell surface morphology, as is
expected from eryptotic cells [Fig. 4(b)].” Exposure of healthy
erythrocytes to unmodified silica nanoparticles significantly
affected their structure and resulted in their deformation into a
more spheroid shape [Fig. 4(c)]. Some nanoparticle agglomerates
could be found on the surface of erythrocytes (red arrows)
although the SEM resolution is not high enough to separate out
individual particles. It is also possible that some erythrocytes were
completely hemolyzed as a result of the exposure, which could
not be captured in the image. Interestingly, no significant change
in the morphology of eryptotic cells was observed after exposure
to nanoparticles [Fig. 4(d)]. A lower number of particle agglomer-
ates could be found on the surface of eryptotic cells, which is con-
sistent with the flow cytometry measurements, showing higher
nanoparticle binding to healthy compared to eryptotic cells.

E. Nanoparticles disrupt vesicles mimicking each
membrane leaflet differently

Eryptosis is associated with several changes in the cell, of
which membrane scrambling is only a part.*’~** Thus, from the
studies in cells, it is not possible to pinpoint membrane scrambling
as the main mechanism for the drastic differences in hemolysis by

ARTICLE avs.scitation.org/journal/bip

unmodified nanoparticles in healthy versus eryptotic cells. Studies
in lipid vesicles were performed to confirm the role of membrane
asymmetry. To this aim, vesicles mimicking the composition of the
outer leaflet (V,yeer), the inner leaflet (Viyner), and scrambled eryth-
rocyte membranes (Vcamplea) Were synthesized (see Sec. II for
lipid composition of each vesicle). Then, the effect of nanoparticles
on the integrity of these vesicles was examined using a vesicle
leakage assay. In this assay, CF is encapsulated inside the vesicles at
a high concentration (~80mM), resulting in self-quenching.
Nanoparticle-induced disruption of the vesicles will lead to the
release of CF from the lumen of the vesicles, leading to its dilution
below the self-quenching threshold, and a drastic increase in its
fluorescence intensity (measured at 517 nm).

Nanoparticle interactions with Voueers Vinner a0d Vcrambled
lipid vesicles were different but depended on particle surface
properties. Unmodified silica nanoparticles induced the highest
degree of membrane leakage in the V. and lowest degree of
membrane leakage in the Vi, vesicles [Fig. 5(a)]. Leakage of the
Vcrambled Vesicles by unmodified nanoparticles was between that
of the Vg uier and the V..., vesicles. These effects are consistent
with the effects observed in erythrocytes, showing a reduction in
hemolysis following membrane scrambling. Amine-modified and
carboxyl-modified particles showed little membrane disruption in
all lipid vesicles [Figs. 5(b) and 5(c)], although amine-modified
nanoparticles were slightly more disruptive than carboxyl-
modified nanoparticles. A likely explanation for this phenomenon
could be a higher number of silanol groups on the surface of
amine-modified particles. However, further nanoparticle charac-
terization by silanol measurement, or using techniques such as
x-ray photoelectron spectroscopy, could help better elucidate the
mechanisms for such differences.

FIG. 4. Scanning electron microscopy images of (a)
healthy and (b) eryptotic erythrocytes in the absence of
nanoparticles, as well as (c) healthy and (d) eryptotic
erythrocytes after exposure to unmodified silica nanoparti-
cles (0.1 mg/ml) for 2h. Red arrows in C indicate nano-
particle agglomerates on the surface of healthy
erythrocytes. Scale bar is 5um in panels (a) and (c) and
2 um in panels (b) and (d).
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FIG. 5. Leakage of Vouters Vinner, @nd Vcrampieq lipid vesicles (25 zM) following interaction with 0.05 mg/ml of (a) unmodified, (b) amine-, and (c) carboxyl-modified silica

nanoparticles at 37 °C.

F. Nanoparticles bind differently to vesicles mimicking
each membrane leaflet

The disruptive effects of nanoparticles on vesicles were further
examined using a FRET-based assay that we have previously devel-
oped'**” to evaluate nanoparticle binding to the membrane.
Rho-DOPE, which was incorporated in the lipid vesicles during
their synthesis, was used as a FRET acceptor. When nanoparticles
bind to the lipid vesicles, Rho-DOPE (FRET acceptor) quenches the
fluorescence of FITC in nanoparticles (FRET donors) and the fluo-
rescence intensity of FITC will decrease. Comparing the fluores-
cence intensity in the presence of the quencher (F) to the intensity
in its absence (F) provides a quantitative measure for nanoparticle
binding to vesicles. A low F/F, ratio indicates that a high level of
nanoparticle binding, while a high F/F, indicates little to no binding

(note that the maximum value of F/F, is one). All nanoparticles
showed the lowest F/F, ratio in the V., vesicles and highest F/F,
ratio in Vi, vesicles, suggesting increased binding to Voueer and
comparatively lower binding to Vi, .. Binding to the Vi umplea vesi-
cles was between that of Ve and Vigner [Figs. 6(a)-6(c)]. Between
the different particles, unmodified nanoparticles showed the highest
binding to the lipid vesicles, which was consistent with them being
more disruptive to the vesicles (and the cells).

G. Nanoparticles disrupt the vesicles by adsorbing
lipids on their surface

Experiments in both erythrocytes and vesicles show that
unmodified silica nanoparticles are more disruptive to membrane
lipids compared to other particles. As we have recently described,

A) (B) ©
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FIG. 6. Nanoparticle binding to the Vouter, Vinner, @nd Vscramblea VeSicles as a result of interaction with 0.05 mg/ml (a) unmodified, (b) amine-modified, and (c) carboxyl-
modified silica nanoparticles. Note that F/Fy inversely correlates to nanoparticle binding to the membrane. One-way ANOVA with Dunnett's test was performed to compare
the nanoparticle binding to Viqner and Vserampies COMpared to Ve * denotes p < 0.05, ** denotes p < 0.01, and *** denotes p < 0.001.
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the disruptive effects of silica nanoparticles on PC and SM
lipids, which are abundant in the V., vesicles, is due to ion-
pairing between silanol in the particles and trimethylammonium
in the headgroup of these lipids.'"’* However, to understand
whether nanoparticles deform the vesicles similar to erythro-
cytes, cryo-transmission electron microscopy (cryo-TEM) was
used. Figure 7(a) shows the V., vesicles without incubation
with nanoparticles. As can be seen in this image, even after multiple
freeze-thaw cycles and extrusion, not all of the vesicles are unilamel-
lar, as has been recently reported.”” V. vesicles after 1h of incu-
bation with unmodified silica nanoparticles are shown in Fig. 7(b).
In general, unlike erythrocytes, vesicles were not deformed after
exposure to nanoparticles. However, nanoparticles were frequently
found inside the vesicles with lipid bilayer or multilayers formed
around them [Fig. 7(b), arrows]. This suggests that nanoparticles at
least partially disrupted the vesicles by adsorbing membrane lipids
on their surface. Given the comparable size of nanoparticles and
vesicles, lipid adsorption on particles strips the vesicles of significant
surface area, leading to their disruption as has been reported for a
different vesicle system.®

H. Discussion

Despite increasing interest in understanding the mechanisms
of nanoparticle-induced cell membrane damage, little attention has
been paid to the fact that the plasma membrane is asymmetric with
respect to its phospholipid composition. In previous work,'* we
had studied nanoparticle interactions with symmetric and asym-
metric vesicles, demonstrating that the outer leaflet is the primary
regulator of nanoparticle-induced membrane disruption in vesicles.
Here, we expand these findings to live erythrocytes, demonstrating
that the erythrocyte outer leaflet lipid composition regulates how
nanomaterials disrupt the membrane of these cells, causing hemo-
lysis. These results are not only important in the context of health
implications of nanotechnology but can also pave the way for
nanoparticle-based screening assays for diseases in which the com-
position of the membrane outer leaflet is altered.

Over the years, membrane models, such as lipid vesicles, have
been highly valuable in understanding how nanomaterials disrupt
biological membranes. However, while it is possible to easily change
the lipid composition of membrane models, a common issue with
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FIG. 7. Cryo-TEM images of the Vo Vesicles (a) before
and (b) after 1 h of incubation with unmodified silica nano-
particles. Red arrows point to nanoparticles covered by
lipids. The scale bar is 50 nm.

all models is that they do not capture the complexities of the
plasma membrane in live cells.'” More information is emerging on
how membrane proteins’’ and the cell cytoskeleton™ affect nano-
particle interactions with the cell membrane. However, these impor-
tant structural features cannot be captured in studies with
lipid-based membrane models. In the current study, we utilized the
well-known process of eryptosis to alter the lipid composition of the
erythrocyte outer leaflet through membrane scrambling (Fig. 1).
This process allows for examination of the role of loss of membrane
asymmetry in nanoparticle-induced membrane disruption, in the
presence of membrane proteins and cell cytoskeleton, which cannot
be mimicked using membrane models.

Our results show that unmodified silica nanoparticles disrupt
the membrane of healthy erythrocytes, with asymmetric mem-
branes, more than eryptotic erythrocytes, with symmetric mem-
branes (Fig. 2). Silica nanoparticles disrupt membranes containing
PC and SM due to ion-pairing between silanol in silica and trime-
thylammonium in the headgroups of these lipids, which are abun-
dant in the outer leaflet of erythrocytes."' Nanoparticle effects on
healthy erythrocytes are highly dependent on particle surface
chemistry and the differences in the hemolytic activity of unmodi-
fied and carboxyl-modified particles, with similar surface charge,
are particularly interesting. We have recently shown that both parti-
cles bind to single-component vesicles containing phosphocho-
lines.”” In unmodified particles, binding occurs due to ion-pairing
between silanol in silica and trimethylammonium in the choline
headgroup. In carboxyl-modified particles, binding likely occurs
through a similar electrostatic interaction between carboxyl and tri-
methylammonium; however, this interaction appears to be weaker
and causes binding but not disruption.

Membrane scrambling results in the presence of aminophos-
pholipids in the membrane outer leaflet and abrogates the disrup-
tive effects of unmodified nanoparticles as well as particle binding
to the membrane (Figs. 2 and 3). Importantly, these experiments
were carried out in Ringer solution, in the absence of serum pro-
teins, and with healthy and eryptotic erythrocytes, which had been
thoroughly washed. Thus, it is unlikely that the lower amount of
hemolysis in eryptotic cells is due to the binding of different pro-
teins to the particle surfaces and the formation of a protein corona.
Rather, such effects are caused due to a reduction in the level of PC
and SM, and an increase in the level of PE and PS in the outer
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leaflet. It should also be noted that while scrambling of the plasma
membrane in eryptosis is well-established,”*’>* and the presence
of PS in the outer leaflet was confirmed in the current study, the
composition of other phospholipids in the outer leaflet has not
been examined in the current study.

Findings on the nanoparticle-induced disruption of healthy
and eryptotic cells were confirmed in vesicles. Unmodified nano-
particle showed significant binding to and disruption of vesicles
mimicking the plasma membrane outer leaflet, which was reduced
in scrambled membranes and vesicles mimicking the membrane
inner leaflet (Figs. 5 and 6). While these results confirm the find-
ings in cells and are consistent with our previous work,"* one
should use caution when comparing findings in vesicles to those in
live cells. In addition to not containing membrane proteins, vesicles
are also significantly smaller than cells (100 nm compared to
several microns), resulting in a much lower membrane to nanopar-
ticle surface area ratio than that observed in erythrocytes. While all
the particles used in this study had a similar size (nominal diame-
ter = 30 nm), it is worth noting that the relative particle and mem-
brane size play an important role in the disruptive effects of
particles. In general, larger particles are more disruptive to vesicles
than smaller particles as their invagination in the vesicle can strip
the vesicle of a larger membrane area.**>**

The qualitative agreement between the findings in cells and
those in vesicles suggests that membrane outer leaflet lipid compo-
sition plays an important role in the outcome of interactions in
both models. However, differences are also observed. For example,
the difference in the leakage from the V., vesicles compared to
the Vicamblea Vesicles is not as significant as what is observed
between healthy and eryptotic cells. This could be due to differ-
ences in the outer leaflet lipid composition between the Vrambled
vesicles and eryptotic cells. While Vamblea Vesicles are simply an
average of the outer and inner leaflet lipid composition, scrambling
in eryptotic cells might not be the same for all lipids and could, for
example, result in less PC and SM in the cell outer leaflet, than the
average of both leaflets, thereby reducing the disruption by unmod-
ified nanoparticles. A better characterization of the outer leaflet
lipid composition of eryptotic erythrocytes is needed to explain the
differences.

It is also important to consider some of the potential differ-
ences in the mechanism of nanoparticle-induced membrane disrup-
tion between the Vi, vesicles and healthy erythrocytes. SEM
images in cells demonstrate significant restructuring of the mem-
brane of healthy erythrocytes in the presence of particles and the
presence of nanoparticle agglomerates on the cell surface (Fig. 4).
Membrane bending by nanoparticles has been proposed as a mech-
anism by which silica nanoparticles disrupt erythrocytes® and is
likely to be the case in the current study as evidenced by the signifi-
cant changes in erythrocyte membrane morphology. While a signifi-
cant portion of particles also enter the cells and in the process are
covered by cell membrane lipids, this is unlikely to contribute signif-
icantly to membrane damage. This is because the portion of mem-
brane lipids lost during this process is small in comparison to the
large surface area of erythrocytes. Lack of drastic changes in mem-
brane morphology and the reduced binding of nanoparticles in
eryptotic cells suggest that the outer leaflet PC and SM are needed
for nanoparticle binding and nanoparticle-induced membrane
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deformation. No significant membrane deformation is observed in
the Vouer Vesicles after exposure to nanoparticles (Fig. 7). However,
in this case, nanoparticle internalization in vesicles leads to lipid
adsorption on their surface. This loss of membrane lipids leads to
significant vesicle disruption as the portion of lipids adsorbed on
nanoparticle surfaces is a significant portion of the small vesicle
surface area. Nanoparticle binding to the vesicles still requires outer
leaflet lipids and is significantly reduced in the Ve, model without
significant PC and SM. However, while the same lipid species
mediate nanoparticle binding to both vesicles and cells, the mecha-
nism of binding in each model is different.

IV. SUMMARY AND CONCLUSIONS

Nanoparticle-induced cell membrane disruption depends on
the outer leaflet lipid composition in both vesicles and live erythro-
cytes. The presence of SM and PC in the membrane outer leaflet
leads to significant binding of unmodified silica nanoparticles to
the membrane, resulting in membrane disruption in both vesicles
and erythrocytes. However, the presence of aminophospholipids in
the outer leaflet reduces binding and disruption. While the same
membrane lipids are responsible for nanoparticle binding, the
mechanisms of nanoparticle-induced membrane disruption are
likely to be different in each model. These results are important in
understanding the health implications of nanomaterials to cells
with different membrane lipid compositions or cells in which lipid
composition is altered due to aging or disease.
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